The modified sessile drop method (MSDM) and the modified pycnometric method (MPM) have been employed to measure precisely the densities of liquid nickel-based ternary (Ni-Co-Al) and quaternary (Ni-Co-Al-Cr, Ni-Co-Al-Mo, Ni-Cr-Al-Mo) alloys and four commercial superalloys in liquid and mushy states. There was a good agreement between the values measured by the two methods. The measured densities of liquid model alloys and commercial superalloys in liquid and mushy states decreased linearly with increasing temperature for the experimental temperature range. The temperature coefficient of the density of liquid ternary Ni-Co-Al alloys measured in this work can be represented as a quadratic function of the aluminium concentration in the alloys. The density of liquid Ni-Co-Al alloys can be expressed as a function of both temperature and aluminium concentration in the alloys. The recommended equations for the densities of liquid nickel-based ternary and quaternary alloys and four commercial superalloys in liquid and mushy states were obtained by analysing density values measured by both MSDM and MPM. The calculated values from the recommended density equations show good agreement with those measured by both MSDM and MPM.
Introduction
The density () and its temperature dependency (d=dT) are important input data for simulation of the solidification of Ni-based superalloys, e.g. the prediction of defects such as gas porosity and microsegregation, as well as the evaluation of the convective contribution to heat transport. Accurate experimental values of the densities of nickel and Ni-based model and commercial alloys (including their dependencies on composition and temperature) are needed to develop models to predict the densities of Ni-based superalloys.
In order to predict the densities of Ni-based commercial alloys, it is necessary to have an understanding of the effects of the various alloy elements (such as Cr, Co, Ta, W, Al, Mo, Re, Hf, Nb, Ti, etc.) on the densities of liquid nickel alloys. This can be obtained from accurate measurements of the densities of Ni-based binary alloys in relation to the concentration and temperature. Comparisons of the densities of liquid Ni-based ternary alloys with those for the corresponding binary alloys provide useful information on the effects of the second alloy element on the properties of liquid alloys. For some alloy elements, such as Re, their concentrations in the Ni-based superalloys are relatively low but they are very reactive, which may make the accurate density measurement of their Ni-based binary alloys difficult. The effect of these elements on the densities of Ni-based superalloys can be obtained by comparing the densities of liquid Ni-based commercial alloys with those of liquid Nibased multi-component model alloys with similar chemical compositions to those of the Ni-based commercial alloys. Furthermore, accurate density values of both Ni-based model and commercial alloys can be used to verify the validity of the models developed to predict the densities of liquid Nibased superalloys.
However, there is a large scatter in the reported density values for liquid nickel and its temperature dependence because of the experimental uncertainties associated with the different techniques. Furthermore, there are very few reports on the measurement of the density of Ni-based alloys in relation to the effects of composition and temperature. [1] [2] [3] [4] [5] [6] [7] There are no reports on the measurement of the densities of liquid Ni-based multi-component model alloys such as ternary and quaternary alloys.
Therefore, in order to develop a model to predict the densities of commercial Ni-based superalloys, we have used two accurate methods, namely, the modified sessile drop method (MSDM) and the modified pycnometric method (MPM) to measure the densities of liquid nickel and Ni-based model alloys and commercial alloys in the liquid state and in the mushy (ie ''liquid-solid coexistence'') state for some alloys. The principles, advantages and experimental procedures of the two methods have been described previously.
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The densities of liquid nickel and liquid Ni-Cr, Ni-Co, Ni-Ta, Ni-W and Ni-Al alloys have been measured precisely with both methods, and density values for Ni-Cr and Ni-Al alloys in mushy state have also been determined. [5] [6] [7] In this paper, both MSDM and MPM were employed to measure the densities of liquid ternary model alloys (Ni-CoAl, molar fraction x Ni :x Co % 86:14, Al mass% = 0$11), liquid quaternary model alloys (Ni-Co-Al-Cr, Ni-Co-Al-Mo and Ni-Cr-Al-Mo), and four commercial Ni-based superalloys in liquid and mushy states. The chemical compositions of these model alloys were similar to those of commercial Nibased superalloys. The recommended density values for these alloys have been obtained by combining the measured values determined with the two methods.
Experimental
Details of the experimental methods of MSDM and MPM can be found in the previous papers.
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The samples of Ni-based ternary and quaternary model alloys were composed of high purity Ni-X (20 mass%, X ¼ Co, Al, Cr, Mo) master alloy discs, and the further nickel was added from high purity nickel disc. The samples of commercial alloys were cut from the ingots of the commercial Ni-based superalloys. The chemical compositions of the alloy elements in the alloys were analysed by radio-frequency, inductively-coupled plasma (I.C.P.) emission spectrometry. Oxygen concentration in the alloys was determined using infrared adsorption and thermal conductimetric methods after fusion in a He gas flow. Sulphur concentration in the alloys was measured by the infrared adsorption method after combustion in an induction furnace. The chemical compositions of the post-measurement samples for ternary alloys are shown in Table 1 , for quaternary alloys in Table 2 and for commercial alloys in Table 3 . The molar ratio of nickel to cobalt (x Ni :x Co ) in the ternary Ni-Co-Al alloys was fixed as 86:14 which is close to the average value for commercial superalloys investigated in this work.
Density of Liquid Ni-Co-Al Alloy
The densities of liquid Ni-Co-Al alloys for Al concentrations below 11 mass% are given in Fig. 1 and Table 4 . The density of liquid Ni-Co-Al alloy (x Ni :x Co = 86:14 and mass%Al ¼ 0) as a function of temperature was obtained from the results for liquid Ni-Co alloys determined previously.
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The only reported liquidus temperatures of Ni-Co-Al alloys are those due to Kudoh 8) for Ni-x mass% Co-7 mass% Al (x ¼ 5, 10, 15) alloys using differential thermal analysis. The measured liquidus temperatures are 1697 K, 1693 K and 1703 K for these alloys.
In this work, the liquidus temperatures of Ni-Co-Al alloys were estimated as follows:
(i) The liquid Ni-Co-Al alloy was considered as a (NiCo)-Al pseudo-binary alloy since the Ni-Co alloy is close to ideal. (ii) The effect of Co content on the liquidus temperatures of Ni-Co alloys was estimated from the Ni-Co binary phase diagram 9) by taking out Al from Ni-Co-Al alloy. The effect is expressed as ÁT Co ; (iii) The effect of Al content on the liquidus temperatures of (Ni-Co)-Al pseudo-binary alloys was estimated from the Ni-Al binary phase diagram. 10) The effect is expressed as ÁT Al . (iv) Therefore, the liquidus temperatures of Ni-Co-Al alloys can be estimated as
where T Ni is the melting point of nickel, 1728 K. Using this estimation method, the liquid temperatures for Nix mass% Co-7 mass% Al (x ¼ 5, 10, 15) alloys were estimated to be 1700 K, 1702 K and 1704 K. These are in good agreement with those determined by Kudoh. 8) The liquidus temperatures calculated for Ni-Co-Al alloys (x Ni :x Co ¼ 86:14, Al mass% = 0, 2.2, 7.20, 10.0) were found to be 1733 K, 1729 K, 1704 K and 1695 K (shown in Table 4 ).
The densities of liquid Ni-Co-Al alloys were found to decrease linearly with increasing temperature for the experimental temperature range. The volume thermal expansion coefficient, , is in the range of 1:06 Â 10 À4 $1:74 Â 10 À4 K À1 for various Al concentrations. The temperature coefficients for the densities of liquid Ni-Co-Al alloys, k ¼ d=dT, were found to change with aluminium concen- 
Ni85.95-Co14.05 Mukai et al. 7) Ni81. tration as shown in Fig. 2 . The relationship between temperature coefficient and aluminium concentration in the alloys was obtained using a least-squares method as follows: MSDM:
MPM:
The recommended relationship between temperature coefficient and Al concentration (eq. (3)) was obtained by analysing all the obtained temperature coefficients using the least-squares method. Recommended:
The relationship between the density of liquid Ni-Co-Al alloy and aluminium concentration at different temperatures obtained in this work is shown in Fig. 3 and Table 5 . The relationship between the densities of liquid Ni-Co-Al alloys with both temperature and aluminum concentration is expressed by eq. (4) for MSDM results and eq. (5) 
The difference between the values calculated from eq. (6) and the measured values by either MSDM or MPM was found to be less AE0:68%.
Density of Liquid Quaternary Alloy
The densities of liquid Ni-Co-Al-Cr, Ni-Co-Al-Mo and NiCr-Al-Mo alloys were measured by both MSDM and MPM. The chemical compositions of these quaternary alloys are close to those of commercial alloys measured in this work. The experimental results are given in Table 6 , and are also shown in Fig. 4 The densities of liquid quaternary alloys investigated in this work were found to decrease with increasing temperature. The density data for these systems obtained by the two methods in this work were found to be in good agreement.
Least-squares analysis of the data obtained by the two methods yielded the recommended equations for liquid NiCo-Al-Cr (eq. (7)), Ni-Co-Al-Mo (eq. (8)) and Ni-Cr-Al-Mo (eq. (9) 
Density of Commercial Alloy
The densities of commercial alloys INCO713C, CMSX-4, TMS75 and CM247LC were measured by both MSDM and MPM. The experimental results are shown in Table 7 , and Temperature, T / K ρ Fig. 6 The densities of liquid Ni-Cr-Al-Mo alloys measured by MSDM and MPM. also in Fig. 7 (INCO713C) , Fig. 8 (CMSX-4) , Fig. 9 (TMS75) and Fig. 10 (CM247LC) . The liquidus and solidus temperatures of commercial alloys used below are determined by the present work combining with the values by Kudoh.
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The density of INCO713C alloy was found to decrease with increasing temperature. The temperature coefficient was found to change at 1609$1611 K, consequently, this point can be considered to be the liquidus temperature for 
À4
Since the measurement accuracy in the mushy state of the alloy is higher for MPM than that for MSDM, 6,7) the influence of the systematic error of the two methods on the 
The density of CMSX-4 alloy was also found to decrease with increasing temperature in the temperature from 1513 to 1873 K. However, no transition point was detected for the temperature coefficient. There was a good agreement between the results by the two methods. A least-square analysis of the density data by the two methods yielded the recommended equation for the density of liquid CMSX-4 alloy (eq. (12)). 
1603$1833 K ð12Þ
The densities of TMS75 alloy in liquid and mushy states were measured by both MSDM and MPM for the temperature range of 1625 to 1873 K. There was a good agreement between the density values obtained with the two methods. The density was found to decrease with increasing temperature, and the temperature coefficient changed slope around 1692$1696 K, which can be considered as the liquidus temperature. A least-square analysis of the data obtained by the two methods gave the recommended equations of the densities of TMS75 alloy in liquid and mushy states. 
Conclusions
The modified sessile drop method (MSDM) and the modified pycnometric method (MPM) were employed for precise measurement of the densities of liquid Ni-based ternary (Ni-Co-Al) and quaternary (Ni-Co-Al-Cr, Ni-Co-AlMo, Ni-Cr-Al-Mo) alloys and four commercial superalloys in liquid and mushy states. The following results were obtained. 
